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Inhomogeneous narrowingNative LH1–RCof photosynthetic purple bacteria Thermochromatium (Tch.) tepidum, B915, has anultra-redBChl a
Qy absorption. Two blue-shifted complexes obtained by chemical modiﬁcation, B893 and B882, have increasing
full widths at half maximum (FWHM) and decreasing transition dipole oscillator strength. 77 K Stark absorption
spectroscopy studies were employed for the three complexes, trying to understand the origin of the 915 nm
absorption.We found that Tr(Δα) and |Δμ| of both Qy and carotenoid (Car) bands are larger than for other purple
bacterial LH complexes reported previously. Moreover, the red shifts of the Qy bands are associated with (1) in-
creasing Tr(Δα) and |Δμ| of the Qy band, (2) the red shift of the Car Stark signal and (3) the increasing |Δμ| of the
Car band. Based on the results and the crystal structure, a combined effect of exciton-charge transfer (CT) states
mixing, and inhomogeneous narrowing of the BChl a site energy is proposed to be the origin of the 915 nm
absorption. CT-exciton state mixing has long been found to be the origin of strong Stark signal in LH1 and special
pair, and the more extent of the mixing in Tch. tepidum LH1 is mainly the consequence of the shorter BChl–BChl
distances. The less ﬂexible protein structure results in a smaller site energy disorder (inhomogeneous
narrowing), which was demonstrated to be able to inﬂuence |Δμ| and absorption.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
In photosynthesis, the most important functional pigment is
chlorophyll (Chl, in higher plant and algae) or bacteriochlorophyll
(BChl, in photosynthetic purple and green bacteria). These pigments
are non-covalently bound to different protein matrixes and form
pigment-protein complexes, which exhibit various functions in
photosynthesis. For example, the widely studied photosynthetic
unit of purple bacteria consists of a reaction center (RC) surrounded
by a core antenna (LH1) referred to as the LH1–RC core complex, and
a variable number of peripheral antenna complexes (LH2). LH1 and
LH2 capture solar energy and efﬁciently transfer the excitation
energy via the LH2 → LH1 → RC sequence. The excitation energy is
eventually trapped by the RC and is utilized to drive the primary
charge separation [1–3].
The lowest energy excited state transitions of the BChl a contain-
ing pigment-proteins, Qy, absorb at different wavelengths in differ-
ent types of pigment–protein complexes: 880, 800/850/820, and
875 nm for LH1, LH2/3, and the special pair (P) of the RC, respectively
[1–5]. The considerable bathochromic shifts (as well as band shapes)with reference to BChl a free in organic solvent are the collective
result of pigment–pigment (exciton coupling among neighboring
BChls, mixing of charge transfer (CT) states with exciton states,
homogeneous broadening) and pigment–protein (protein binding
via axial ligation, hydrogen (H)-bond with amino acid residues, in-
homogeneous broadening) interactions [4–7]. It is interesting that,
for a few purple photosynthetic bacteria such as Thermochromatium
(Tch.) tepidum [8,9], Roseospirillum (Rss.) Parvum [10] and strain 970
[11], the LH1-Qy absorptions are particularly red-shifted, with
absorption maxima at 915, 909, and 963 nm, respectively. In spite
of the unusual long-wavelength BChl absorption, the LH1-to-RC
excitation energy transfer (EET) or RC trapping timescales are
surprisingly similar to those of Rhodospirillum (Rsp.) rubrum or
Rhodobacter (Rb.) sphaeroides with a ‘normal’ LH1-Qy absorption
wavelength at ~880 nm [10–14].
Crystallographic structures are a basic requirement to understand
the spectral properties of bacterial light-harvesting complexes. LH2 of
Rhodopseudomans (Rps.) acidophila strain 10,050 [15,16] and
Rhodospirillum (Rs.) molischianum [17] with 2.0 ~ 2.5 Å resolution
show two parallel rings of BChl a aggregates. Earlier low-resolution struc-
tures has revealed that LH1–RC complexes are elliptical dimers in Rb.
sphaeroides [18] and open elliptical monomers in Rhodopseudomonas
(R.) palustris [19]. Recently, the LH1–RC crystal structure of Tch. tepidum
was obtained with 3 Å resolution [20]. Its LH1 is a closed elliptical ring
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sandwiched between the rings of α and β polypeptides.
Tch. Tepidum is a moderate thermophile and lives in the highest
temperature among all the purple bacteria, 48–50 °C [8]. It is also pe-
culiar that Ca2+ is necessary for its growth [21,22]. The crystal struc-
ture shows that there is a Ca2+ binding site at the C-terminal of each
αβ-subunit and Ca2+ connects the α- and β-chains via binding to
amino acid residues belonging to the α- and β-apoproteins [20].
This connection stabilizes the LH1 structure and is the reason for
the increased thermo-stability. This Ca2+ binding network is close
to the BChls, so it could modify both conﬁguration and the local en-
vironmental electric ﬁeld experienced by the BChls. This native
Ca2+-binding LH1, consequently, has its Qy absorption at 915 nm
(B915), ~35 nm red-shifted compared with most other LH1 com-
plexes. A direct proof for the inﬂuence of binding Ca2+ on electronic
properties is that adding ethylenediaminetetraacetic acid (EDTA) to
remove Ca2+ or adding a variety of metallic cations to replace Ca2+
could reversibly shift Qy to blue [21]. And the more Qy shifts to
blue, the worse thermal stability that the LH1–RC complex exhibits
[22].
Different origins may contribute to the LH1-Qy red shift. H-bonds
are revealed for the B915 complex of Tch. tepidum according to its
crystal structure: α-B915 with α-Trp46 and β-B915 with β-Trp45
through the C3-acetyl group, as well as the carbonyl oxygen of the
phytyl ester group of β-B915 with α-Gln28 and β-Trp28 [20]. Howev-
er, a near-infrared (NIR) Raman study has demonstrated that the H-
bond interaction between the B915 molecules and the polypeptides
is not the absolute reason responsible for the unusual Qy red shift
[7,23]. Another noteworthy structural characteristic is that the
distances between adjacent B915 molecules, 9.04 Å within a subunit
and 8.46 Å between adjacent subunits, are the shortest among all the
reported bacteria LH1 ~3 complexes. As a result, enhanced exciton
interaction strength and mixing extent of CT into exciton states of
closely interacting B915 molecules are expected, as in the cases of P
[24].
Stark spectroscopy is a powerful tool to investigate the electronic
structure of the excited state. Two informative parameters can be
obtained from the Stark spectra: the change in dipole moment
(|Δμ|) and the change in polarizability (Tr(Δα)) between the ground
and excited state of an electronic transition [25,26]. |Δμ| measures
the degree of charge redistribution in the excited state associated
with a transition while Tr(Δα) measures the deformability of the
electronic structure of the states involved in the transition. A variety
of BChl complexes have been studied and their |Δμ| values are: 1.4 D/
f for B820 [4]; 3.0–5.5 D/f for LH1 and LH2 B850 [4,5,27–29]; 5.2–13
D/f for P and P mutants [29–34]. These results show a correlative
relationship between the increase of |Δμ| and the red shift of Qy,
demonstrating that the transition energy is inﬂuenced by the
permanent dipole moment induced by the entire pigment-protein
electrostatic environment. Previous work comparing LH2 and
mutants indicated that the formation of a H-bond has only small
effects on |Δμ| [5]. The considerable increase of |Δμ| when B820
subunits derived from LH1 of Rsp. Rubrum reassociate to form LH1-
like (B873) complexes was attributed to the mixing of CT states
with the exciton states [4].
To study the electronic structure of the unusual LH1-Qy, in this
work, Stark absorption spectroscopy was employed to three LH1–
RC complexes of Tch. tepidum: native Ca2+ containing B915, Ba2+
containing B893 and cation-depleted B882 complexes. Both LH1
BChl a and carotenoid (Car) exhibit differences in |Δμ| and Tr(Δα)
between the three complexes. Exploring the difference, as well as
comparing them with Rps. Acidophila LH1–RC and LH2, provide in-
formation on how pigment–pigment and protein–pigment interac-
tions inﬂuence the electronic properties of BChl in photosynthetic
complexes and help to better understand the structure-electronic
property-function relationship.2. Materials and methods
2.1. Preparation of LH1–RC complexes.
The native LH1–RC complex of Tch. tepidumwith B915was prepared
as described in [9,20]. The Ba2+ containing B893 complexwas prepared
in the same way, but BaCl2 was used instead of CaCl2 [7]. The cation-
depleted B882 complex was prepared by adding 100 mM EDTA and
more detergent to B915 complex and incubating for half an hour. For
Stark spectroscopic measurement, all the complexes except B882 com-
plex were suspended in buffer (PH = 7.5) containing 20 mM Tris–HCl
and 0.5% η-dodecyl-β-D-maltoside (β-DDM) and 60% glycerol (v/v).
The B882 complex was suspended in a similar buffer but with higher
concentration of β-DDM (0.8%). LH1–RC and LH2 of Rps. Acidophila
suspended in the same buffer were also measured for reference.
2.2. Stark spectroscopy
Absorption and Stark spectra were simultaneously recorded at 77 K
in a home-built setup as described in [4]. The optical densities of the
samples were 0.4–0.7 cm−1 at the maximal absorption wavelength in
an 80 μm thick Stark cell. The Stark cell was immersed in liquid nitrogen
in anOxford liquid nitrogen cryostat. The dependence of the Stark signal
on the angle between the electric ﬁeld vector of the light and the exter-
nally applied electric ﬁeld, χ, was measured by putting the cell at 45°
and turning the polarization direction of the incident light from 0° to
90°. The applied electric ﬁeld strength was 1.7 × 105 V cm−1.
Absorption and Stark spectra are simultaneous ﬁtted according to
Eq. (1). The details of the ﬁtting method are given in [4]. Fitting the
magic angle spectra directly determines |Δμ| and Tr(Δα).
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where A(ν) and ΔA(ν) are the absorption and Stark spectra, Fext is the
applied electric ﬁeld, f is the local ﬁeld correlation factor which relates
the applied electric ﬁeld to the electric ﬁeld at the site of the molecule.
Fitting the polarization dependence of Cχ and Bχ according to
Eqs. (2) and (3) determines the angle (ζ) betweenΔμ and the transition
dipole, p, and the orientation of Δα with respect to p; pΔαpTrðΔαÞ.
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3. Results
At 77 K, for all studied complexes the absorption spectra become
sharper (see Fig. 1A). The clearly spectral-resolved Car bands are almost
identical for the three LH1–RC complexes. It seems that the conﬁgura-
tions of Car are very similar in the three complexes. However, the Car
bands in circular dichroism (CD) spectra display small differences: In
B893 and B882 they are blue-shifted by 2 and 3 nm compared with
B915 complexes (see Fig. 1B). It has long been known that the position
of the Car band is sensitive to a change in the electric ﬁeld induced by
BChl, e.g., via the dynamic Car band shift upon excitation of BChl [14,
35,36]. The crystal structure of the B915 complex shows that in each
αβ-subunit, the endof the Carmolecule, spirilloxanthin, is in close prox-
imity to the histidine amino acid residue bound to the central Mg atom
of BChl a and implies a strong interaction between Car and BChl a [20].
The Car band shifts between the different complexes also appear in the
Stark spectra as discussed below.
Fig. 1. 77 K steady-state absorption spectra (A) and room temperature CD spectra (B) of
B915 (black), B893 (red), and B882 (blue) LH1–RC complexes of Tch. tepidum, normalized
by the maximal absorption of Car.
Fig. 2.Normalized 77 K Qy band Stark absorption spectra of B915 (black), B893 (red) and
B882 (blue) LH1–RC complexes of Tch. tepidum (A) and LH1–RC (purple) and LH2 (green)
complexes of Rps. Acidophila (B). In (A) Stark spectra are normalized by the maximal ab-
sorption of Car, in (B) maximal LH1-Qy and LH2-Qy of Rps. Acidophila are normalized to
have the same maximal Qy absorption as that of B882 complex. The gray line in (A) is
the residual stark spectrum of B915 complex and it is multiplied by 10.
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for B915, B893, and B882 complexes, respectively. With the decrease of
temperature, the Qy bands become stronger (relative to Car bands) and
narrower. From B882 to B915, the Qy bands become stronger and
narrower, too. Furthermore, this tendency is more prominent at 77 K
than at room temperature (which can be seen in Fig. S1). The Qy peak
amplitude of B915 is almost two times more intense as that of B882.
The full widths at half maximum (FWHM) of the Qy bands at 77 K are
323, 470, and 575 cm−1 for B915, B893, and B882, respectively. The
ratio of the integrated areas along the frequency axis (after
decomposing and subtracting the P contribution) is 1.25:1.1:1, indicat-
ing that the oscillator strength of the Qy absorption increases as the
transition energy decreases. The strong and sharp feature of the B915-
Qy band is related to its structural property. That is, Ca2+ “locks” the
α- andβ-polypeptide,which has been revealed to reduce conformation-
al ﬂexibility [37]. As a result, the set of microenvironments of the BChl
a's bound to the 32 polypeptides and the corresponding site energies
are constrained within a smaller range. The sharp spectral shape is
thus the consequence of relatively rigid protein structure and conse-
quently a smaller site energy disorder, or to say a smaller inhomogene-
ity. The maximum of the Qx band also shifts to the blue with the blue
shift of the Qy band, but with a smaller value: 595, 590, and 589.5 nm
for B915, B893, and B882 complexes, respectively. To compare LH1–
RC of Tch. tepidum with other B880 or B850 complexes, LH1–RC and
LH2 of Rps. acidophila were also measured. Their Qy bands at 77 K are
at 901 and 870 nm (see Fig. 3 D and E).
77 K Stark absorption spectra of the Qy band measured for all the
complexes are shown in Fig. 2. The spectra are normalized in regard tothe concentration of BChl a molecules and thus can be compared
quantitatively. The B915 complex exhibits a much stronger and sharper
Stark signal, which is associated with its stronger and sharper absorp-
tion signal. The B893 complex has a fairly ﬂat positive band. The B882
complex, unfortunately, disaggregated by ~20% into BChl amonomers
(absorption at 785 nm) during the Stark measurement. It may be due
to the combined effect of high concentration of detergent and the
externally applied (strong) electric ﬁeld. For comparison, Stark spectra
of LH1–RC and LH2 of Rps. acidophila are also shown. The shape of Rps.
acidophila LH1 is very similar to B882 complex, but with a somewhat
smaller strength. The shape of Rps. acidophila LH2 resembles well the
previously published one [4]
The special pair P of RC absorbing at 906 nm (77 K) also gives a Stark
signal, making the spectra more complicated and difﬁcult to ﬁt. In fact,
the superimposed Stark signal of P is observable round 880 nm, al-
though it is much smaller than that of LH1. It can be distinguished by
subtracting the LH1 ﬁtting spectrum from the LH1–RC spectrum. The
ﬁtting residual spectrum of B915 complex is shown in Fig. 2A and its
shape well resembles the Stark absorption of RC reported before [24].
We can see that above 870 nm, the contribution of RC is negligibly
small (less than 4%), so ﬁtting can be done directly to obtain the
Tr(Δα) and |Δμ| values without considering RC in this wavelength
region. All spectra can be well ﬁtted except for the B882 complex, due
to its disaggregation (see Fig. 3). So the obtained Tr(Δα) and |Δμ| values
for B882 are not reliable, an error of ±10% should be considered. For all
the complexes measured in this work, the shapes of Stark spectra are
dominated by the ﬁrst derivatives and are slightly blue-shifted with
respect to the respective ﬁrst derivatives. Minor second and negative
zeroth derivatives also contribute.
The obtained Tr(Δα) and |Δμ| (see Table 1) for Rps. acidophila LH2
are 3.3 D/f and 1206 Å3/f2. These values are close to what has been re-
ported previously, 3.2 D/f and 1250 Å3/f2 [5], indicating the reliability
of the ﬁtting in this work. The values for Rps. acidophila LH1 are 3.5 D/f
and 1958 Å3/f2. For the B915 and B893 complexes of Tch tepidum, the
values (6.9 D/f and 2309 Å3/f2, 5.8 D/f and 2315 Å3/f2) are very large,
about two times larger when compared to those of Rps. acidophila
LH1. They are also larger than all the other LH complexes reported be-
fore: Tr(Δα) are 600–1400 Å3/f2 for LH2 and 1300–1800 Å3/f2 for LH1,
|Δμ| are 3.0–5.5 D/f depending on different experimental conditions
such as temperature, preparationmethods and detergent concentration
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Table 1
Nonlinear optical parameters Tr(Δα) and |Δμ| of BChl-Qy and Car bands determined by
Stark spectroscopy.
Species Protein BChl-Qy Car
Qy
(nm)
Tr(Δα)
(Å3/f 2)
|Δμ|
(D/f )
Tr(Δα)
(Å3/f 2)
|Δμ|
(D/f)
Tch. tepidum B915–RC 935 2309 6.9 1853 12.6
B893–RC 910 2315 5.8 1750 11.6
B882–RC 901 2072 5.1 1510 11.0
Rps. acidophila LH1–RC 902 1958 3.5
LH2 (B850) 869 1206 3.3
Fig. 4. χ angle dependence of ﬁrst-derivative (A) and second-derivative (B) contributions
to the Stark spectra of B915 (black) and B893 (red) LH1–RC complexes.
1483F. Ma et al. / Biochimica et Biophysica Acta 1847 (2015) 1479–1486[4,5,27–29,38]. |Δμ| of the B882 complex, 5.0 D/f, lies in this range. It is
clear that |Δμ| value increases with the red shift of the Qy absorption.
|Δμ| values for B915 and B893 complexes are already comparable to
that of P, 5.2–13 D/f [27,30,31,33,34].
Fitting of the dependence of the ﬁrst- and second-derivative contri-
butions to the Stark spectra as a function ofχwith Eqs. (2) and (3) gives
ζ (the angle between Δμ and p) and pΔαpTrðΔαÞ (the projected ratio of the po-
larizability tensor alongp) (see Fig. 4). Theﬁtting results show that pΔαpTrðΔαÞ
for B915 and B893 complexes are very close, corresponding to an angle
of 7.9 and 7.0°, respectively. The similarities of both the values and
orientations of Tr(Δα) between B915 and B893 complexes indicate
that the extent of electron delocalization of BChl a are nearly identical
in the two complexes. The ζ values are different: 18° for B915 and 0°
for B893 complex, respectively. The difference reﬂects the orientation
difference of environmental electric ﬁelds that induce the permanent
dipole moment.
The three Tch. tepidum complexes give similar shapes of Car band
Stark spectra, but with different amplitudes (as can be seen in
Figure S2) and peak values (the arrows in Fig. 5). B915 has the smallest
amplitude and the peaks are at 499, 519, 535, and 552 nm. B893 has the
largest strength and the peaks are at 498, 516, 533 and 550 nm. B882
has the maximal blue shift, the peaks are at 496, 515, 532, and
549 nm. The trend that the Stark signal red shifts by 2–3 nm with the
red shift of LH1-Qy is consistent with the CD spectra. Both results indi-
cate a considerable electrostatic interaction between Car and BChl a
and that a change in BChl a inﬂuences Car by either direct BChl–Car
interaction or (and) indirect BChl–protein–Car interaction.
All the three Stark spectra have contributions from the ﬁrst- and the
second-derivatives with nearly equivalent amounts, as well as a very
small negative contribution from the zeroth-derivative (see Fig. 6).
Tr(Δα) and |Δμ| obtained are relatively high and they also increase
with the red shift of the LH1-Qy. Tr(Δα) of B915, 1903 Å3/f2, is larger
than for all the other LH Car reported before (850–1700 Å3/f2) [38–
41]. |Δμ|, 11.0–12.6 D/f, lies in the reported range, 6.5–15.3 D/f. Rs.
rubrum LH1 containing the same Car molecule (spirilloxanthin) and
having a very similar Car absorption band, has been investigated before
[38–41]. Its peaks of the Stark spectra are at 495, 511, 531, and 549 nm,
~1 nm blue-shifted with regard to the B882 complex. Its Tr(Δα), 1600–
1700Å3/f2, is comparable to the B893 complex,while |Δμ|, 7.7–8.1 D/f, is
much smaller than for all the three Tch. tepidum complexes. Although
the Stark spectra were recorded under different experimental condi-
tions (polyvinyl alcohol membrane, 4 °C) from this work, the difference
in |Δμ | reﬂects the different environmental electric ﬁelds, i.e., in Tch.
tepidum LH1, Car is surrounded in a more polar environment.
3.1. Discussion and conclusion.
The main features of Tch. tepicum LH1-Qy found by Stark absorption
spectra are: (1) All B915, B893, and B882 complexes exhibit stronger
Stark signals than Rps. Acidophila LH2 and LH1whichhave an equivalent
maximal Qy absorption as the B882 complex. (2) The increase of the
Stark signal amplitude is correlated with the red shift of the Qy band.
Furthermore, the Stark spectrum of the B915 complex is much stronger
and sharper, which is associated with its absorption spectrum. (3) |Δμ|
and Tr(Δα) of all B915, B893, and B882 complexes are larger than for
Rps. Acidophila LH2 and LH1. |Δμ| of B915 and B893 complexes are so
large that they are comparable with that of the special pair P. (4) The
increase of |Δμ | is well correlated with the red shift of Qy band.
It has been found that formation or breakage of H-bonds has a direct
effect on the excited-state energy, but has only small effects on electron-
ic properties such as Tr(Δα) and |Δμ| in LH complexes [5]. Large |Δμ| andFig. 3. Simultaneous ﬁt of absorption (left) and Stark (right) spectra of Qy bands of B915 (A), B
Acidophila. Data and their respective ﬁts are represented as points and black lines, and the co
obtained values of Tr(Δα) and |Δμ| are given in Table 1.Tr(Δα) have been suggested to arise from mixing of a CT state into the
lowest exciton state in P [32] and LH1 [4] as a result of strongly closely
packed and excitonically coupled BChl amolecules. This CT state is asso-
ciated with a large electrical dipole moment, mixing with it increases
the static dipole moment of the exciton state. In Tch. tepicum B915
complex, the average distance between BChl molecules is smaller than
in any other of the LH1 or LH2 complexes reported previously. Hence,
a larger mixing strength of a CT state into exciton states is very possible
to take place. CD spectroscopy [21] and preliminary crystal structural
information of B893 complex [42] show that removing Ca2+ or replac-
ing Ca2+ with Ba2+ does not change the secondary structure of the
apoproteins, but only inﬂuence the Ca2+ binding pocket and conse-
quently the conﬁguration of the micro-environment surrounding the
BChl a molecules. The ring sizes of the B915 and B893 complexes are
almost the same. There is no crystal structure for the B882 complex,893 (B), B882 (C) LH1–RC complexes from Tch. tepidum, LH1–RC (D) and LH2 (E) of Rps.
ntribution of the zeroth (green), ﬁrst (red) and second (blue) derivative are plotted. The
Fig. 5.Normalized 77 K Car band Stark absorption spectra of B915 (black), B893 (red) and
B882 (blue) LH1–RC complexes of Tch. tepidum. Stark spectra are normalized by the
maximal positive Stark signal.
Fig. 6. Simultaneousﬁt of absorption (left) and Stark (right) spectra of Car bands fromB915 (A),
as that in Fig. 3.
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ring size may also increase due to the instability of B882 complex.
However, there is still some extent of increased CT state mixing left,
considering |Δμ| is larger than that of Rps. Acidophila LH1.
As in Eq. (4), Δμ contains the intrinsic dipole moment, Δμstatic, and
the induced permanent dipole moment, Δμinduced.
Δμ ¼ Δμstatic þ Δμ induced ¼ Δμstatic þ Δα  Fprotein: ð4Þ
Because Tr(Δα) of Tch. tepicum LH1 is large, |Δμ| must be sensitive to
the environmental electric ﬁeld surrounding the BChl a's, Fprotein.
Comparing B915 and B893 complexes, they have similar strengths and
orientations of Δα. Hence the difference in |Δμ| and ζ is mainly due to
a different Fprotein between the two complexes. The structure of the
B915 complex is relatively more rigid and ordered due to the binding
of Ca2+. In the B893 complex, Ba2+ still binds within a similar network,
but because of the site selectivity, the binding strength of Ba2+ is not as
strong as Ca2+ and Ba2+ can only partly connect the α- and β-subunits.
Hence the structure of B893 is relatively looser and more ﬂexible
compared to B915. The above argument is validated by the decreasing
thermo-stability and increasing FWHM going from B915 to B882.
Although it is difﬁcult to compare Fprotein quantitatively, the structural
ordered arrangement or to say the narrowing of the spectral in-
homogeneous broadening of B915 has deﬁnite inﬂuence on at leastB893 (B), B882, and (C) LH1–RC complexes of Tch. tepidum. The color schemes are the same
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micro-environment surrounding the BChl a's is less constrained in
B893, so the interaction distance/orientation and consequently the
interaction strength between polar groups and the BChl a's ﬂuctuate
over a larger range. The overall effect of polar groups on Δμinduced is de-
creased on average. Secondly, FWHM (exactly site energy disorder) is
also an essential parameter required for calculating exciton interactions
and their mixing with CT state. Inhomogeneous narrowing beneﬁts the
mixing of CT into exciton states by increasing state density. Thirdly, Car
is in close proximity to α-His36 that coordinates to the Mg atom of the
BChl a's in theB915 complex and so it adds additional strength to Fprotein
[20]. In a less constrained structure, the effect of Car on Fprotein weakens
either due to a direct change in Car–BChl distance/conﬁguration, or due
to the same reason as mentioned for the ﬁrst factor. The fact that Car-
BChl a interaction becomes weaker from B915 to B882 is proved by
the CD and Stark shift of the Car band. One can see that structural
ordered arrangement is important for Fprotein. However, to better
understand the environmental effects on Δμinduce, a quantitative
simulation is required.
Based on the correlation between the LH1-Qy red shift, decreasing
FWHM and increase of |Δμ|, as well as structural information, we
conclude that (1) mixing of CT state into the lowest exciton state and
(2) constrained and ordered protein structure are the main reasons
for the ultra-red absorption of LH1-Qy in native Tch. tepidum.
The main features of the LH1-Car band in Tch. tepidum revealed by
Stark absorption spectra are: (1) For all B915, B893, and B882
complexes, Tr(Δα) is comparable to while |Δμ| is larger than that of
Rs. rubrum [40,41] which has very similar Car absorption. (2) The red
shift of Stark signal, the increase of |Δμ| and the red shift of Qy band
are in good correlation.
The unchanged absorption bands and the 2, 3 cm−1 blue shift of the
Stark signal for B893, B882 implies that the main structural features of
Car are the same, while the contributions on Δμinduce are different
between the three complexes. They can also be explained by the struc-
tural ordered arrangement, or to say, the inhomogeneous broadening.
When the apoprotein is relieved from the “lock” between the α- and
β-subunits, the micro-environment of Car becomes “less tight”. The
“looser” the apoprotein is, the smallerΔμinduced is achieved after averag-
ing over a larger range of possible conformations.
LH1 of Tch. tepidum has attracted study interests concerning the origin
of the ultra-red 915nmQy absorption since its discovery. However, nearly
no attention has been paid to its narrow spectral shape. In this work, by
comparing the Stark spectra of three LH1–RC complexes from Tch.
tepidum as well as Rps. Acidophila LH1–RC and LH2, we found thatmixing
of CT states into the lowest exciton state and the inhomogeneous
narrowing are the main origins for the 915 nm Qy absorption. They do
not work separately, instead, inhomogeneous narrowing also increases
the exciton coupling and mixing extent of the CT state. Exciton coupling
and CT-exciton state mixing are the main reasons for the larger Tr(Δα)
and |Δμ| than observed for other purple bacterial LH complexes while
constrained and ordered protein structure and the corresponding spectral
narrowing of inhomogeneous distribution function are the main reasons
for the differences (Tr(Δα) and |Δμ| of both BChl-Qy and Car, Car stark
shift, and consequently, BChl-Qy absorption) between B915, B893, and
B882 complexes. To the best of our knowledge, the native LH1–RC of
Tch. tepidum has the largest Tr(Δα) and |Δμ| among all the LH complexes
reported. And the effect of structural regulation, or to say the inhomoge-
neous narrowing, on the Stark signal and on BChl-Qy absorption was for
the ﬁrst time demonstrated by our experiments. This work, accompany-
ing with the crystal structures, will be a good system to be examined by
theoretical simulations.
Acknowledgments
F.M. and R.v.G. were supported by the VU University and by an
Advanced Investigator grant from the European Research Council (No.267333, PHOTPROT) to R.v.G. R.v.G. was further supported by the
Nederlandse Organisatie voor Wetenschappelijk Onderzoek, Council of
Chemical Sciences (NWO-CW) via a TOP-grant (700.58.305), and by
the EU FP7 project PAPETS (GA 323901). R.v.G. gratefully acknowledges
his Academy Professor grant from The Netherlands Royal Academy of
Sciences (KNAW).
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.08.007.
References
[1] V. Sundström, T. Pullerits, R. van Grondelle, Photosynthetic light-harvesting:
reconciling dynamics and structure of purple bacterial LH2 reveals function of
photosynthetic unit, J. Phys. Chem. B 103 (1999) 2327–2346.
[2] R.J. Cogdell, A. Gall, J. Köhler, The architecture and function of the light-harvesting
apparatus of purple bacteria: from single molecules to in vivo membranes, Q. Rev.
Biophys. 39 (2006) 227–324.
[3] G.D. Scholes, G.R. Fleming, A. Olaya-Castro, R. van Grondelle, Lessons from nature
about solar light harvesting, Nat. Chem. 3 (2011) 763–774.
[4] L.M.P. Beekman, M. Steffen, I.H.M. van Stokkum, J.D. Olsen, C.N. Hunter, S.G. Boxer, R.
van Grondelle, Characterization of the light-harvesting antennas of photosynthetic
purple bacteria by Stark spectroscopy. 1. LH1 antenna complex and the B820 sub-
unit from Rhodospirillum rubrum, J. Phys. Chem. B 101 (1997) 7284–7292.
[5] L.M.P. Beekman, R.N. Frese, G.J.S. Fowler, R. Picorel, R.J. Cogdell, I.H.M. van Stokkum,
C.N. Hunter, R. van Grondelle, Characterization of the light-harvesting antennas of
photosynthetic purple bacteria by Stark spectroscopy. 2. LH2 complexes: inﬂuence
of the protein environment, J. Phys. Chem. B 101 (1997) 7293–7301.
[6] G.J.S. Fowler, R.W. Visschers, G.G. Grief, R. van Grondelle, C.N. Hunter, Genetically
modiﬁed photosynthetic antenna complexes with blueshifted absorbance bands,
Nature 355 (1992) 848–850.
[7] Y. Kimura, Y. Inada, T. Numata, T. Arikawa, Y. Li, J.-P. Zhang, Z.-Y. Wang, T. Ohno,
Metal cations modulate the bacteriochlorophyll-protein interaction in the light-
harvesting 1 core complex from Thermochromatium tepidum, Biochim. Biophys.
Acta 1817 (2012) 1022–1029.
[8] M.T. Madigan, A novel photosynthetic purple bacterium isolated from a Yellowstone
hot spring, Science 225 (1984) 313–315.
[9] H. Suzuki, Y. Hirano, Y. Kimura, S. Takaichi, M. Kobayashi, K. Miki, Z.-Y. Wang, Puri-
ﬁcation, characterization and crystallization of the core complex from thermophilic
purple sulfur bacterium Thermochromatium tepidum, Biochim. Biophys. Acta 1767
(2007) 1057–1063.
[10] H.P. Permentier, S. Neerken, K.A. Schmidt, J. Overmann, J. Amesz, Energy transfer
and charge separation in the purple non-sulfur bacterium Roseospirillum parvum,
Biochim. Biophys. Acta 1460 (2000) 338–345.
[11] H.P. Permentier, S. Neerken, J. Overmann, J. Amesz, A bacteriochlorophyll a antenna
complex from purple bacteria absorbing at 963 nm, Biochemistry 40 (2001)
5573–5578.
[12] L.M.P. Beekman, F. van Mourik, M.R. Jones, H.M. Visser, C.N. Hunter, R. van
Grondelle, Trapping kinetics in mutants of the photosynthetic purple bacterium
Rhodobacter sphaeroides: inﬂuence of the charge separation rate and consequences
for the rate-limiting step in the light-harvesting process, Biochemistry 33 (1994)
3143–3147.
[13] A. Freiberg, J.P. Allen, J.C.Williams, N.W.Woodbury, Energy trapping and detrapping
by wild type and mutant reaction centers of purple non-sulfur bacteria, Photosynth.
Res. 48 (1996) 309–319.
[14] F. Ma, Y. Kimura, X.-H. Zhao, Y.-S. Wu, P. Wang, L.-M. Fu, Z.-Y. Wang, J.-P. Zhang, Ex-
citation dynamics of two spectral forms of the core complexes from photosynthetic
bacterium Thermochromatium tepidum, Biophys. J. 95 (2008) 3349–3357.
[15] G.Mcdermott, S.M. Prince, A.A. Freer, A.M. Hawthornthwaite-lawless, M.Z. Paplz, R.J.
Cogdell, N.W. Isaacs, Crystal-structure of an integral membrane light-harvesting
complex from photosynthetic bacteria, Nature 374 (1995) 517–521.
[16] M.Z. Papiz, S.M. Prince, T.D. Howard, R.J. Cogdell, N.W. Isaacs, The structure and ther-
mal motion of the B800–850 LH2 complex from Rps. acidophila at 2.0 Å resolution
and 100 K: new structural features and functionally relevant motions, J. Mol. Biol.
326 (2003) 1523–1538.
[17] J. Koepke, X.-C. Hu, C. Muenke, K. Schulten, H. Michel, The crystal structure of the
light-harvesting complex II (B800–850) from Rhodospirillum molischianum,
Structure 4 (1996) 581–597.
[18] P. Qian, M.Z. Papiz, P.J. Jackson, A.A. Brindley, I.W. Ng, J.D. Olsen, M.J. Dickman, P.A.
Bullough, C.N. Hunter, Three-dimensional structure of the Rhodobacter sphaeroides
RC–LH1–PufX complex: dimerization and quinone channels promoted by PufX,
Biochemistry 52 (2013) 7575–7585.
[19] A.W. Roszak, T.D. Howard, J. Southall, A.T. Gardiner, C.J. Law, N.W. Isaacs, R.J. Cogdell,
Crystal structure of the RC-LH1 core complex from Rhodopseudomonas palustris, Sci-
ence 302 (2003) 1969–1972.
[20] S. Niwa, L.-J. Yu, K. Takedal, Y. Hirano, T. Kawakami, Z.-Y. Wang-Otomo, K. Miki,
Structure of the LH1–RC complex from Thermochromatium tepidum at 3.0 Å, Nature
508 (2014) 228–232.
[21] Y. Kimura, Y. Hirano, L.-J. Yu, H. Suzuki, M. Kobayashi, Z.-Y. Wang, Calcium ions are
involved in the unusual red shift of LH1-harvesting 1 Qy transition of the core
1486 F. Ma et al. / Biochimica et Biophysica Acta 1847 (2015) 1479–1486complex in thermophilic purple sulfur bacterium Thermochromatium tepidum, J.
Biol. Chem. 283 (2008) 13867–13873.
[22] Y. Kimura, L.-J. Yu, Y. Hirano, H. Suzuki, Z.-Y. Wang, Calcium ions are required for the
enhanced thermal stability of the light-harvesting-reaction center core complex
from thermophilic purple sulfur bacterium Thermochromatium tepidum, J. Biol.
Chem. 284 (2009) 93–99.
[23] F. Ma, Y. Kimura, L.-J. Yu, P.Wang, X.-C. Ai, J.-P. Zhang, Speciﬁc Ca2+-bindingmotif in
the LH1 complex from photosynthetic bacterium Thermochromatium tepidum as re-
vealed by optical spectroscopy and structural modeling, FEBS J. 276 (2009)
1739–1749.
[24] E.J.P. Lathrop, R.A. Friesner, Simulation of optical spectra from the reaction center of
Rb. sphaeroides. Effects of an internal charge-separated state of the special pair, J.
Phys. Chem. 98 (1994) 3056–3066.
[25] G.U. Bublitz, S.G. Boxer, Stark spectroscopy: application in chemistry, biology, and
materials science, Annu. Rev. Phys. Chem. 48 (1997) 213–242.
[26] S.G. Boxer, Stark realities, J. Phys. Chem. B 113 (2009) 2972–2983.
[27] D.S. Gottfried, J.W. Stocker, S.G. Boxer, Stark effect spectroscopy of bacteriochloro-
phyll in light-harvesting complexes from photosynthetic bacteria, Biochim. Biophys.
Acta 1059 (1991) 63–75.
[28] B. van Dijk, T. Nozawa, A.J. Hoff, The B800–850 complex of the purple bacterium
Chromatium tepidum: low-temperature absorption and Stark spectra, Spectrochim.
Acta A 54 (1998) 1269–1278.
[29] K. Nakagawa, S. Suzuki, R. Fujii, A.T. Gardiner, R.J. Cogdell, M. Nango, H. Hashimoto,
Probing binding site of bacteriochlorophyll a and carotenoid in the reconstituted
LH1 complex from Rhodospirillum rubrum S1 by Stark spectroscopy, Photosynth.
Res. 95 (2008) 339–344.
[30] M. Lösche, G. Feher, M.Y. Okamura, The Stark effect in reaction centers from
Rhodobacter sphaeroides R-26 and Rhodopseudomonas viridis, Proc. Natl. Acad. Sci.
USA 84 (1987) 7537–7541.
[31] S.L. Hammes, L. Mazzola, S.G. Boxer, D.F. Gaul, C.C. Schenck, Stark spectroscopy of
the Rhodobacter sphaeroides reaction center heterodimer mutant, Proc. Natl. Acad.
Sci. USA 87 (1990) 5682–5686.
[32] T.R. Middendorf, L.T. Mazzola, K. Lao, M.A. Steffen, S.G. Boxer, Stark effect
(electroabsorption) spectroscopy of photosynthetic reaction center at 1.5 K:
evidence that the special pair has a large excited-state polarizability, Biochim.
Biophys. Acta 1143 (1993) 223–234.[33] L.J. Moore, H.-L. Zhou, S.G. Boxer, Excited-state electronic asymmetry of the special
pair in photosynthetic reaction center mutants: absorption and Stark spectroscopy,
Biochemistry 38 (1999) 11949–11960.
[34] K. Yanagi, M. Shimizu, H. Hashimoto, A.T. Gardiner, A.W. Roszak, R.J. Cogdell, Local
electrostatic ﬁeld induced by the carotenoid bound to the reaction center of the pur-
ple photosynthetic bacterium Rhodobacter Sphaeroides, J. Phys. Chem. B 109 (2005)
992–998.
[35] J.L. Herek, M. Wendling, Z. He, T. Polívka, G. Garcia-Asua, R.J. Cogdell, C.N. Hunter, R.
van Grondelle, V. Sundström, T. Pullerits, Ultrafast carotenoid band shifts:
experiment and theory, J. Phys. Chem. B 108 (2004) 10398–10403.
[36] E. Romero, B.A. Diner, P.J. Nixon, W.J. Coleman, J.P. Dekker, R. van Grondelle, Mixed
exciton-charge-transfer states in photosystem II: Stark spectroscopy on site-
directed mutants, Biophys. J. 103 (2012) 185–194.
[37] S. Jakob-Grun, J. Radeck, P. Braun, Ca2+-binding reduces conformational ﬂexibility of
RC–LH1 core complex from thermophile Thermochromatium tepidum, Photosynth.
Res. 111 (2012) 139–147.
[38] T. Horibe, K. Nakagawa, T. Kusumoto, R. Fujii, R.J. Cogdell, M. Nango, H. Hashimoto,
Polarization angle dependence of Stark absorption spectra of spirilloxanthin bound
to the reconstituted LH1 complexes using LH1-subunits isolated from the purple
photosynthetic bacterium Rhodospirillum rubrum, Acta Biochim. Pol. 59 (2012)
97–100.
[39] D.S. Gottfried, M.A. Steffen, S.G. Boxer, Large protein-induced dipoles for a symmet-
ric carotenoid in a photosynthetic antenna complex, Nature 251 (1991) 662–665.
[40] K. Nakagawa, S. Suzuki, R. Fujii, A.T. Gardiner, R.J. Cogdell, M. Nango, H. Hashimoto,
Electrostatic effect of surfactant molecules on bacteriochlorophyll a and carotenoid
binding sites in the LH1 complex isolated from Rhodospirillum rubrum S1 probed by
Stark spectroscopy, Photosynth. Res. 95 (2008) 345–351.
[41] K. Nakagawa, S. Suzuki, R. Fujii, A.T. Gardiner, R.J. Cogdell, M. Nango, H. Hashimoto,
Probing the effect of the binding site on the electrostatic behavior of a series of
carotenoids reconstituted into the light-harvesting 1 complex from purple
photosynthetic bacterium Rhodospirillum rubrum detected by Stark spectroscopy, J.
Phys. Chem. B 112 (2008) 9467–9475.
[42] L.-J. Yu, in preparation.
